INTRODUCTION {#sec1-1}
============

Breast cancer is the most common cancer and the second leading cause of cancer deaths in women([@ref1][@ref2]). The involvement of estrogen in initiating and promoting breast cancer has been known for a long time([@ref3][@ref4]). Inhibition of the synthesis or blocking the action of estrogens is an attractive strategy for therapeutic intervention. Antiestrogens inhibit the growth of breast tumors by competitive antagonism of estrogen at its receptor site([@ref5]). Whereas aromatase inhibitors block the enzyme aromatase that catalyses the conversion of androgens into estrogens, they can suppress plasma estrogen levels in postmenopausal women with estrogen receptor-positive tissues([@ref6]--[@ref8]). Aromatase inhibitors have been used not only for advanced breast cancer, but also as optimal adjuvant hormonal therapy for these patients([@ref7][@ref9][@ref10]).

There are several generations of aromatase inhibitors in the market([@ref11]). Substituted l-\[(benzofuran-2-yl)-phenylmethyl\]-imidazoles are a new group of potent aromatase inhibitors which bind to active site of enzyme through nitrogen pair electrons of heterocyclic ring([@ref12]). Although these compounds have initially been synthesized as antifungal agents([@ref13]), further researches have shown that these compounds are more potent aromatase inhibitors than aminoglutethimide([@ref14]). Assessment of the cytotoxic effects of some l-\[(benzofuran-2-yl)-phenylmethyl\]-imidazoles showed that these compounds act as cytotoxic agents on MCF-7 and HeLa cell lines([@ref13]).

For a new chemical to get into the market as a therapeutic agent, a thorough investigation of their safety profile and efficacy are required. Characterization of the basic toxicological profile of a new entity is one of the basic issues in drug safety evaluation. Genotoxicity assays have become an integral component of drug application process([@ref15]). To the best of our knowledge, benzofuran phenylmethyl imidazole derivatives genotoxicities have not yet been investigated .

In this study, genotoxic effects and DNA repair following the administration of some l-\[(benzofuran-2-yl)-phenylmethyl\]-imidazoles were investigated.

MATERIALS AND METHODS {#sec1-2}
=====================

MCF-7 (the human mammary carcinoma cell line) was purchased from Pasteur Institute of Iran. It was grown in a RPMI 1640 medium, which was enriched with 10% heat-inactivated fetal calf serum (FCS) and was mixed with 250 μl of penicillin/streptomycin to prevent the growth of unwanted bacterial microorganisms. Cells were cultured routinely in 75 cm^3^ flasks in a humidified atmosphere of 5% CO~2~ and 95 % air at 37°C([@ref16]). The stock solutions of 1 mM were prepared by dissolving the required amount of substituted l-\[(benzofuran-2-yl)-phenylmethyl\]-imidazoles in dimethylsulfoxide (DMSO)([@ref13]). Then the prepared medium was added to this solution to reach to a medium containing 10% DMSO. In order to prepare final concentration (100 μM), the stock solution was diluted 1:9 with RPMI 1640 medium. Before subculture, cultured cells were disaggregated using a trypsin/EDTA solution to form a homogeneous suspension. Then the homogeneous cell suspension (the number of cells estimated to be 10^6^) and prepared RPMI 1640 containing 10% FCS and penicillin/ streptomycin were added to the wells of a plate with a ratio of 1:2 respectively. After addition of different concentrations of each derivative, plate was incubated at 37°C in 5% CO~2~ for 2 h. A well containing medium and cell suspension (2:1 respectively) was used as control. A solvent control composed of cell suspension and medium containing maximum concentration of 1% v/v DMSO with a ratio of 1: 2. After incubation for 2 h period, the media was removed from each well and cells were disaggregated using trypsin/EDTA to form a homogenous cell suspension. Then the genotoxicity of these compounds against the MCF-7 cell line were evaluated using comet assay([@ref17]). Comet assay is a sensitive, reliable, and rapid method for DNA damage evaluation. The segmented DNA emigrates from the nucleus towards the anode under an electrical current to produce comets ([Fig. 1](#F1){ref-type="fig"}).

![A) Comet image of untreated MCF-7 cells as negative control. B) Comet image of MCF-7 cells treated with 200 μM H~2~O~2~ as positive control.](JRPS-7-189-g001){#F1}

 {#sec2-1}

### Comet assay {#sec3-1}

About 400 μl of the cell suspension was mixed with 800 μl 1% low melting point agarose. Then 100 μl of the mixture was layered on slides precoated with a 1% normal melting point agarose and then covered with a cover slip. The slides were then placed in a refrigerator for 5 min. Then cover slips were carefully removed and the slides were left in a dark place except for the positive control slides. The positive control slides were treated with 200 μM H~2~O~2~ solution for 17 min at 4°C, while the negative control slides were remained untreated. Then all the slides were immersed in cold lysis solution (2.5 M NaCl, 100 mM EDTA, 0.2 M NaOH, 10 mM Tris, 1% Triton X-100, pH=10), protected from light and refrigerated at 4°C for 45 min. Slides were then left in freshly prepared electrophoresis solution (0.3 M NaOH, 1 mM EDTA, pH\> 13,) for 40 min. Electrophoresis was performed using the same solution at 300 mA, 25 V for 45 min. After electrophoresis the slides were neutralized gently with 0.4 M Tris buffer at pH 7.5 for 10 min and stained with 20 μg/ml ethidium bromide for 7 min. Slides were washed and then dried. Two slides were used for each sample and photos were taken from at least 100 cells (50 cells for each slide) using a fluorescent microscope at 400 magnifications. The comet assay parameter and tail moment (TM) were measured and calculated by Comet score software (TriTek Corporation, USA, Version 1.5). Every experiment was repeated thrice([@ref18]).

### DNA repair capacity {#sec3-2}

To evaluate DNA repair, after 2 h incubation with the genotoxic concentration of each samples, the media in each well were replaced with freshly prepared media and was incubated at 37°C and 5% CO~2~ for 17 and 24 h. Again the cells were disaggregated to form a homogenous cell suspension and were tested by comet assay as previously described([@ref17]).

### Statistical analysis {#sec3-3}

ANOVA followed by Tukey test were used to compare the calculated means of comet tail moments with the respective negative control using SIGMASTAT software. Values were considered to be significantly different if *P* values were less than 0.05.

RESULTS {#sec1-3}
=======

After 2 h treatment of MCF-7 cells with different concentrations of 4-fluoro (30, 50, 70, 100 nM), 4-chloro (25, 50, 75, 100 nM), 2-methoxy (100, 150, 200 nM) and 2-methyl (200, 250, 300 nM) benzofuran phenylmethyl imidazole and also its unsubstituted derivative (500, 750, 1000, 1250 nM), the genotoxic effects were evaluated by three parameters of comet assay method including percentage of DNA in the tail, tail length and TM. Since the TM is the product of percentage of DNA confined in the tail multiplied by tail length, this parameter is reported in Figs. [2](#F2){ref-type="fig"}--[7](#F7){ref-type="fig"}. DNA repair capacity after 2 h exposure to the genotoxic concentration of compounds in 17 and 24 h are shown in [Fig. 7](#F7){ref-type="fig"}. 4-fluoro benzofuran phenylmethyl imidazole at 70 nM concentration had a marked genotoxic effect on the MCF-7 cells compared to the negative control ([Fig. 2](#F2){ref-type="fig"}). The TM which was obtained after treatment with a concentration of 100 nM of this derivative was significantly higher than that of the treatment with 70 nM (*P*\<0.001). As shown in [Fig. 7](#F7){ref-type="fig"}), DNA damage induced by genotoxic effect of 4-fluoro derivative (70 nM) was recovered within 24 h (*P*\<0.05). Statistical significance between the TM of the 17 h and 24 h was not observed.

![Comet forming activity of 4- fluoro benzofuran phenylmethyl imidazole in MCF-7 cells. Comet assay, as described in methods, was used to test MCF-7 cells for DNA damage. Concentrations and solvent control were compared with negative control. Every experiment was repeated three times and tail moment was used as a measure of DNA damage. ^\*^: *P*\<0.05 compared to the negative control.](JRPS-7-189-g002){#F2}

![Comet-forming activity of 4-chloro benzofuran phenylmethyl imidazole in MCF-7 cells. Comet assay, as described in methods, was used to test MCF-7 cells for DNA damage. Every experiment was repeated three times and tail moment was used as a measure of DNA damage. ^\*^: *P*\<0.05 compared to the negative control.](JRPS-7-189-g003){#F3}

![Comet-forming activity of 2- methoxy benzofuran phenylmethyl imidazole in MCF-7 cells. Comet assay, as described in methods, was used to test MCF-7 cells for DNA damage. Every experiment was repeated three times and tail moment was used as a measure of DNA damage. ^\*^: *P*\<0.05 compared to the negative control.](JRPS-7-189-g004){#F4}

![Comet-forming activity of 2-methyl benzofuran phenylmethyl imidazole in MCF-7 cells. Comet assay, as described in methods, was used to test MCF-7 cells for DNA damage. Every experiment was repeated three times and tail moment was used as a measure of DNA damage. ^\*^: *P*\<0.05 compared to the negative control.](JRPS-7-189-g005){#F5}

![Comet-forming activity of unsubstituted benzofuran phenylmethyl imidazole in MCF-7 cells. Comet assay, as described in methods, was used to test MCF-7 cells for DNA damage. Every experiment was repeated three times and tail moment was used as a measure of DNA damage. ^\*^: *P*\<0.05 compared to the negative control.](JRPS-7-189-g006){#F6}

![Repair of DNA damage induced by benzofuran phenylmethyl imidazole (Benzofuran) and its 4- fluoro (F), 4-chloro (Cl), 2-methoxy (OCH3) and 2-methyl (CH3) derivatives in MCF-7 cells. Cells treated with the genotoxic concentration of each compound for 2 h and then with fresh medium for 17 and 24 h. DNA damage was detected by comet assay. Tail moment was used as a measure of DNA damage. ^\*^: P\< 0.05 as compared with time= 0 h](JRPS-7-189-g007){#F7}

2 h treatment of MCF-7 cells with 75 nM 4-chloro benzofuran phenylmethyl imidazole increased the TM significantly (*P*\<0.05) as compared to the negative control ([Fig. 3](#F3){ref-type="fig"}). The TM parameter for the 24 h recovery was statistically decreased compared to the 0 h. The decrease in TM for 17 h, however, did not reach to a significant level (*p*\>0.05) . The difference between the TMs of 24 h and 17 h was not significant ([Fig. 7](#F7){ref-type="fig"}).

2-Methoxy benzofuran phenylmethyl imidazole at 200 nM concentration showed statistically significant genotoxicity (increase in TM parameter) as compared with the negative control ([Fig. 4](#F4){ref-type="fig"}).

The TM parameters of MCF-7 cells exposed to the 2-Methoxy benzofuran phenylmethyl imidazole at the genotoxic concentration of 200 nM for 17 and 24 h were significantly (*P*\<0.001 and *P*\<0.005, respectively) different from that of the time zero ([Fig. 7](#F7){ref-type="fig"}). The differences in TMs between 24 h and 17 h were also significant (*P*\<0.001).

A significant increase in the DNA damage of the MCF-7 cells treated with 300 nM of 2-methyl benzofuran phenylmethyl imidazole was observed when TMs were compared with that of the control cells ([Fig. 5](#F5){ref-type="fig"}). Our results indicated a considerable decrease in TM for 24 h recovery (*P*\<0.001). However, this decrease in TM was not significant for 17 h. As shown in [Fig. 7](#F7){ref-type="fig"}, there was a significant difference between the TMs for the recovery time of 17 h and 24 h (*P*\< 0.05).

The results also showed that the DNA damage induced by unsubstituted derivative at concentrations as low as 1000 nM was significant (*P*\<0.001) in comparison with negative control ([Fig. 6](#F6){ref-type="fig"}). This damage was even more considerable at concentration of 1250 nM (*P*\<0.001).

The TM parameters of MCF-7 cells exposed to the unsubstituted derivative for 17 and 24 h were significantly (*P*\<0.05 and *P*\<0.001, respectively) different from that of the time zero ([Fig 7](#F7){ref-type="fig"}). The differences in TMs between 24 h and 17 h were also significant (*P*\<0.001).

DISCUSSION {#sec1-4}
==========

Our results indicated that toxic concentrations of substituted l-\[(benzofuran-2-yl)-phenylmethyl\]-imidazole derivatives were around 10^-8^ -10^-6^M. The 4-fluoro derivative compound was tested at first. The cytotoxic concentration of this compound has been reported to be 35 μM([@ref13]). Accordingly, concentrations of 0.1, 1 and 10 μM of 4-fluoro derivative were selected and comets were observed for all tested concentrations. Therefore, we decided to test much lower concentrations. The genotoxic effects appeared in concentrations of 70 nM, which was close to the enzyme inhibitory concentration of this compound. The tested concentrations for other compounds were also close to their enzyme inhibition concentration.

Cytotoxic effects of these compounds on MCF-7, an aromatase positive cell, and HeLa, an aromatase negative cell, have revealed a mechanism of action other than inhibition of the aromatase enzyme. In agreement with this study, our study shows that DNA damage could potentially be one of the underlying mechanisms.

Whomsley and coworkers demonstrated that human placental aromatase could be inhibited by l-\[(benzofuran-2-yl)-phenylmethyl\]-imidazole derivatives([@ref19]). There exist a remarkable difference between the aromatase inhibitory concentrations of l-\[(benzofuran-2-yl)-phenylmethyl\] -imidazole derivatives which is also therapeutically effective and the genotoxic concentrations of these compounds observed in the current study. This implies that these compounds may have good potential to be used as therapeutic agents.

The results of the present study indicated that all tested compounds are able to repair DNA damage. However, some compounds need longer time to perform this function. The IC~50~ value of cytotoxic effects of l-\[(benzofuran-2-yl)-phenylmethyl\]-imidazole derivatives on MCF-7 cell line have been reported to be around 10^-5^ M([@ref13]). This value is about 10-1000 times higher than their genotoxic concentrations found in the present study. It seems that, due to the DNA repair capacity of the cells, there is a remarkable differences between their genotoxic and cytotoxic concentrations. However, there is a possibility that exposure of the cell to the higher concentrations of these derivatives leads to some severe DNA damage which could not be repaired.

In the current work, 4-fluoro and 4-chloro derivatives exhibited the highest genotoxicity while unsubstituted benzofuran phenylmethyl imidazole had the lowest side effects on the MCF-7 cell line. These results are mostly in agreement with the previous report([@ref13]) on cytotoxic effects of these compounds on MCF-7 cell line and on the aromatase inhibitory activity of these compounds([@ref19]). It has been shown that some benzofuran phenylmethyl imidazole act as a substrate and could bind to active site of aromatase enzyme([@ref14]). These results suggest that substituted derivatives of benzofuran phenylmethyl imidazole might fit more properly into the active site of the enzyme which leads to a more effective enzyme inhibition.

CONCLUSION {#sec1-5}
==========

The distinct differences between the enzyme inhibition and genotoxic concentrations of substituted benzofuran phenylmethyl imidazole derivatives and also their DNA repair capacity make these derivatives suitable for future studies. Therefore, if these compounds could pass other safety and clinical assessments, they would be used as new therapeutic compounds.
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